SI-2. Evolution of the XRD peaks during the compression
Pressure was slowly increased in steps of a few tenths of GPa, waiting for pressure stabilization before the next pressure change. XRD patterns were acquired at every pressure value, to obtain informations on the pressure evolution of the unit cell volume and on the lattice parameters across the A17 to A7 and the A7 to sc phase transitions
The peak positions of Phosphorus in the three phases, shown in Figure 2 , are in agreement with literature data.
9-14
The relative intensity variation of the diffraction peaks observed in some spectra, compared to literature data, is related to the preferred orientations of the bP grains in the polycrystalline starting material and to the small X-ray beam diameter with respect to the particle size, affecting the powder average.
A17
During the compression the separation between the (040) A17 and (111) A17 reflections become smaller with increasing pressure and the two peaks convolute into a single one at about 2 GPa. Between 0.2 and 1.5 GPa the (042) A17 reflection moves from lower to higher 2θ values with respect to the (200) A17 one, which, however, is the only reflection not appreciably shifting upon increasing pressure.
Kikegawa and coauthors
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reported this transition to be accompanied by some hysteresis.
Indeed they could observe the peaks of the A17 structure up to ∼2 GPa after the appearance of the A7 ones. Our data are in agreement with those of Kikegawa and coauthors, 15 as we could detect traces of the A17 phase up to ∼7 GPa.
A17 to A7
The formation of the A7 phase between 4.6 and 5.0 GPa is indicated by the appearance of two new peaks corresponding to the 003 A7−h and 101 A7−h reflections, which become particularly evident at 6.5 GPa (2θ values respectively of 7.3667±0.0005 and 7.686±0.002 degree). The appearance of the A7 peaks is associated to the disappearance of the A17 reflections, which is immediately appreciable in the case of the 020 A17 and 021 A17 peaks.
A7 to sc
The formation of a new phase is clearly visible in the case of isolated peaks, as demonstrated by the sudden appearance of the 200 sc reflection and by the corresponding disappearance of isolated peaks of the A7 phase (101 A7−h , 015 A7−h , 111 A7−h and 024 A7−h ), but can be appreciated also in 2θ regions, where a more subtle transformation of the overlapping peaks of the A7 phase into those of the sc one occurs (012 A7−h → 100 sc , 110 A7−h → 110 sc and 202 A7−h → 111 sc ).
Further considerations
Two recent papers, appeared during the writing of this manuscript, 16, 17 report anomalies in the structural evolutions from the A17 up to the simple-cubic phases, which however are likely related to the non hydrostaticity of the employed pressure transmitting media and to the use of exfoliated few layer bP nanosheets.
16
None of the two papers mentions the presence of extra reflections in the diffraction pattern above 10.5 GPa.
Table SI-1: Parameters of the p-sc structure (R3m) obtained by the Rietveld refinement of the XRD patterns acquired during the compression. 
SI-3. Bragg indexing of the A7 and p-sc XRD patterns
Literature inconsistently refers to the A7 phase in terms of the structurally equivalent rhombohedral or hexagonal cell. For consistency with our treatment, in the following we will adopt the rhombohedral cell description. Nevertheless, we refer to the diffraction peaks using the Bragg indexes corresponding to the hexagonal cell for three reasons: first, the hexagonal cell allows a visually more intuitive identification of the P layers; second, literature mostly relies on this cell settings for peak indexing and comparison is thus easier; third, convenient structural information can be straightly extracted. However, to help the reader, r and h labels have been used to indicate the indexing respectively according to the rhombohedral (A7-r) or hexagonal (A7-h) cell, and a correspondence between the two peak indexing is reported in Table SI-2. A list of the reflections observed for the p-sc structure, indexed according to the rhombohedral cell (R3m), is reported in Table SI-3. rhombohedral hexagonal  111  003  100  101  110  012  211  104  101  110  221  015  210  113  222  006  111  021  200  202  220  024  322  107  311  205  321  116  211 102 The intensity of the two peaks, related to the 003 A7−h and 113 A7−h reflections, is weak, but definitely not negligible, furthermore their profile is slightly asymmetric.
The origin of these two peaks was carefully checked and verified. Initially, considering recent studies reporting the pressure induced insertion of small atoms and molecules within nanometric cavities of comparable size with respect to the interlayer spacing of the A17 and A7 structures of Phosphorus, [19] [20] [21] [22] [23] we possibly related the presence of these two extra reflections to the persistence of A7 domains, due to the pressure induced insertion of He atoms between the P layers, preventing the formation of interlayer bonds and hence the occurrence of the transition from the A7 to the sc structure. To exclude this possibility, we performed another experiment using a non-penetrating pressure transmitting medium Chan and coauthors 25 have followed the same approach to identify the occurrence of the phase transition and the merging of the 104 A7−h and 110 A7−h peaks into the 110 sc one can actually be clearly appreciated also in our patterns at 2θ ∼12.5 degree above 10.5 GPa (Figure 2 in the manuscript) . Nevertheless, zooming in the XRD patterns simulated by Chan and coauthors 25 for the A7 phase at 10 and 15 GPa with α ≈60 degree and u respectively 0.243 and 0.246, weak intensities can be appreciated at 2θ ∼15 and ∼29 degree, which, taking into account the different wavelength, perfectly correspond to the two extra peaks observed in our patterns at the same pressure.
The description of the diffraction data in terms of a rhombohedral cell (R3m) also accounts for the slight asymmetry of the two extra peaks, as the Rietveld refinement for this cell reveals the presence of overlapped reflections for both of them. In particular, the 003 A7−h and 113 A7−h reflections contain contributions respectively from the 111 p−sc−r and 100 p−sc−r reflections and from the 210 p−sc−r , 221 p−sc−r and 111 p−sc−r reflections, where the label p-scr refers the p-sc structure (see Table SI 
The peak positions were determined by fitting the XRD spectra using Voigt line shapes, after baseline subtraction using Fityk software.
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9 SI-6. The order of the A7 to sc transition in literature
The mechanism of the A7 to sc transition has been investigated by several theoretical studies, 25, [27] [28] [29] [30] [31] [32] trying to account for some Phosphorus particularities compared to the other group 15 elements, like the existence of the A17 phase, the reduced pressure range for the stability of the A7 one and the formation of the rarely observed sc structure.
Interestingly, even if in some cases a higher pressure for the A7 to sc transition has been 
obtained by imposing
A more recent theoretical study about the mechanisms of the phase transitions in group 10 15 elements 32 indicate the A7 to sc transition to follow a displacive mechanism. The authors point out that the A7 structure can be obtained via a small distortion of the sc one, followed by an atomic displacement, in agreement with previous studies and with our data. Applying symmetry considerations to the Laundau theory, they also noted that, whereas the second step is associated to a displacive order-parameter, the first one is associated to a secondary order parameter, which is not negligible compared to the first one, as instead assumed in ref.
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The coupling of the secondary order-parameter with the displacive one imposes the I order character of the A7 to sc transition. This could explain the mismatch between our data and the mathematical fit using equation 2.
SI-7. T c
More recent experimental data by Flores-Livas and coauthors about the pressure evolution of T c have been loaded on arxiv, 34 but not published at the moment. In this report two pressure evolutions of T c along a low and a high T compression paths are presented. The first one is in substantial agreement with Karuzawa and coauthors, 35 with a maximum position which is ∼5 GPa lower than the previous data. In the second one the maximum is less sharp and T c reaches the highest values between 30-50 GPa, slowly decreasing for high pressure. In both cases the pressure behavior on the low pressure side of the maximum can be appreciated.
However, it must be pointed out that red Phosphorus, instead of black Phosphorus, was loaded into the DAC by Flores-Livas and coauthors.
Theoretical calculations presented in the same report, trying to account for the pressure evolution of T c , indicate the coexistence of multiple metastable phases (A17, A7 and sc) to play a role in Phosphorus superconductivity.
It should be emphasized that using different allotropes of Phosphorus as starting material, as also occurred in ref 24 where white P was loaded, can lead to contradictory results due to incomplete transformations. For this reason we have used bP, which is the thermodynamically stable allotrope of the element.
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Our XRD data, acquired during room T compression of bP, do not show any trace of the A17 peaks above 7-8 GPa. Above 10.5 GPa all the peaks corresponding to A7 phase disappear and the diffraction pattern resembles that of the sc phase, with the exception of the two extra reflections, leading to the identification of the p-sc structure, as reported and discussed in the main text.
